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Big questions
• What is the gas mass and the gas:dust ratio? 
• What is the chemical inheritance for the ISM & star formation process? 
• What the is balance between ice and gas? What is the role of snow lines? 
• Where do the elements like C,O,N reside? 
• Where/how do organics form? 
• (How) does the chemistry reflect the underlying disk structure?
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Disk structure
• Basic structure of the disk 
• Radial surface density profile (gas, dust) 
• Vertical hydrostatic scale height 
• Irradiation by stellar spectrum 
• Assumption: small (~µm) grains coupled (thermally, hydrodynamically) to gas 
• ⇔ Spectral Energy Distribution fitting provides overall disk structure
(see Figure 1). These asymmetries are likel roduced by
variety of physical processes such as magnetohydrodynamical
turbulence,30 grain growth beyond centimeter sizes,19 planet
formation, and gravitational instabilities.31 These spatial
structures immediately show that protoplanetary disks are not
static systems, but are subject to strong dynamical changes on a
time scale of several million years.12
The advent of sensitive infrared and (sub)millimeter
spectroscopic observations enabled the discovery of thermal
emission and scattered light from dust particles. In addition, a
ﬁrst inventory of atomic and molecular species has been
provided, ranging from molecular hydrogen to water and more
complex molecules such as polycyclic aromatic hydrocarbons
(PAHs).32−34 At the same time, comprehensive chemical
models for protoplanetary disks have been developed by a
number of research groups (see Table 3), taking into account
the wide range of radiation ﬁelds (UV and/or X-rays),
temperatures (10 to several 1000 K), and hydrogen number
densities (104−1012 cm−3). The combination of astronomical
observations with advanced disk physical and chemical models
has provided ﬁrst constraints on the thermal structure and
molecular composition of protoplanetary disks orbiting young
stars of various temperatures and masses.35−39 These models
have demonstrated that the chemistry in disks is mostly
regulated by their temperature and density structure, and stellar
and interstellar radiation ﬁelds as well as cosmic rays.40−49 A
special feature of protoplanetary disks is the very low
temperatures in the outer midplane regions, leading to a
considerable freeze-out of molecules.50,51 At the same time,
chemistry, together with grain evolution, regulates the
ionization structure of disks,43,52−56 and, thereby, inﬂuences
the magnetically driven transport of mass and angular
momentum.57 This means that disk chemistry and the physical
structure of disks are ultimately linked. The impact of radial
and/or vertical transport processes and dust evolution on disk
chemical composition has been thoroughly theoretically
investigated,54,58−68 and the predictions are being observatio-
nally conﬁrmed.
Figure 1. Near-IR scattered light image of the protoplanetary disk
around the Herbig Ae star MWC 758 obtained with the Subaru
telescope by the Strategic Exploration of Exoplanets and Disks
(SEEDS) collaboration. Reprinted with permission from ref 18.
Copyright 2013 American Astronomical Society.
Figure 2. Sketch of the physical and chemical structure of a ∼1−5 Myr old protoplanetary disk around a Sun-like star.
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T(R,z), G0(R,z)
• Radial and vertical temperature gradient 
• (Inter)stellar ultraviolet radiation attenuated by small grains → photo-
dissociation layer 
• Stellar X-rays, cosmic rays penetrate t0 midplane → secondary ionization 
• Do stellar winds shield Cosmic Rays effectively from the disk? 
• Short-lived radioactive nuclei also (may) provide secondary ionization
(see Figure 1). These asymmet ies are likely produced by a
variety of physical processes such as magnetohydrodynamical
turbulence,30 grain growth beyond centimeter sizes,19 planet
formation, and gravitational instabilities.31 These spatial
structures immediately show that protoplanetary disks are not
static systems, but are subject to strong dynamical changes on a
time scale of several million years.12
The advent of sensitive infrared and (sub)millimeter
spectroscopic observations enabled the discovery of thermal
emission and scattered light from dust particles. In addition, a
ﬁrst inventory of atomic and molecular species has been
provided, ranging from molecular hydrogen to water and more
complex molecules such as polycyclic aromatic hydrocarbons
(PAHs).32−34 At the same time, comprehensive chemical
models for protoplanetary disks have been developed by a
number of research groups (see Table 3), taking into account
the wide range of radiation ﬁelds (UV and/or X-rays),
temperatures (10 to several 1000 K), and hydrogen number
densities (104−1012 cm−3). The combination of astronomical
observations with advanced disk physical and chemical models
has provided ﬁrst constraints on the thermal structure and
molecular composition of protoplanetary disks orbiting young
stars of various temperatures and masses.35−39 These models
have demonstrated that the chemistry in disks is mostly
regulated by their temperature and density structure, and stellar
and interstellar radiation ﬁelds as well as cosmic rays.40−49 A
special feature of protoplanetary disks is the very low
temperatures in the outer midplane regions, leading to a
considerable freeze-out of molecules.50,51 At the same time,
chemistry, together with grain evolution, regulates the
ionization structure of disks,43,52−56 and, thereby, inﬂuences
the magnetically driven transport of mass and angular
momentum.57 This means that disk chemistry and the physical
structure of disks are ultimately linked. The impact of radial
and/or vertical transport processes and dust evolution on disk
chemical composition has been thoroughly theoretically
investigated,54,58−68 and the predictions are being observatio-
nally conﬁrmed.
Figure 1. Near-IR scattered light image of the protoplanetary disk
around the Herbig Ae star MWC 758 obtained with the Subaru
telescope by the Strategic Exploration of Exoplanets and Disks
(SEEDS) collaboration. Reprinted with permission from ref 18.
Copyright 2013 American Astronomica Society.
Figure 2. Sketch of the physical and chemical structure of a ∼1−5 Myr old protoplanetary disk around a Sun-like star.
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Cleeves et al. (2013, 2014, 2015)
• Dust mass estimates good to ~factor of a few 
• Complications: dust evolution, migration 
• Gas mass estimates uncertain 
• CO generally observed to be depleted (…
see next slides…) 
• H2 only observable in warm/hot surface, 
inner disk (weak lines) 
• HD detected in TW Hya 
• With thermal structure (+chemistry) → 
large gas mass estimates (0.05 Msun), 
gas:dust~100:1 (~ISM)  
• Model uncertainties? Unresolved 
contributions from hot material? 
Generalization to other disks?
Gas:Dust
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Anolddisk still capable of forming aplanetary system
Edwin A. Bergin1, L. Ilsedore Cleeves1, Uma Gorti2,3, Ke Zhang4, Geoffrey A. Blake5, Joel D. Green6, Sean M. Andrews7,
Neal J. Evans II6, ThomasHenning8, Karin O¨berg7, Klaus Pontoppidan9, ChunhuaQi7, Colette Salyk10 &Ewine F. vanDishoeck11,12
From the masses of the planets orbiting the Sun, and the abund-
ance of elements relative to hydrogen, it is estimated that when
the Solar System formed, the circumstellar disk must have had a
minimummass of around 0.01 solarmasses within about 100 astro-
nomical units of the star1–4. (One astronomical unit is the Earth–
Sun distance.) The main constituent of the disk, gaseous molecular
hydrogen, does not efficiently emit radiation from the disk mass
reservoir5, and so themost commonmeasure of thediskmass is dust
thermal emission and lines of gaseous carbon monoxide6. Carbon
monoxide emission generally indicates properties of the disk sur-
face, and the conversion from dust emission to gas mass requires
knowledge of the grain properties and the gas-to-dust mass ratio,
which probably differ from their interstellar values7,8. As a result,
mass estimates vary by orders of magnitude, as exemplified by the
relatively old (3–10million years) star TWHydrae9,10, for which the
range s 0.0005–0.06 solar masses11–14. Here we report the detection
of the fundamental rotational transition of hydrogen deuteride
from the direction of TWHydrae. Hydrogen deuteride is a good
tracer of disk gas because it follows the distribution of molecular
hydrogen and its emission is sensitive to the total mass. The detec-
tion of hydrogen deuteride, combined with existing observations
and detailed models, implies a disk mass of more than 0.05 solar
masses, which is enough to form a planetary system like our own.
Commonly used tracers of protoplanetary disk masses are thermal
emission from dust grains and rotational lines of carbon monoxide
(CO) gas. However, the methods by which these are detected rely on
unconstrained assumptions. The dust detectionmethod has to assume
an opacity per gram of dust, and grain growth can change this value
drastically15. The gas mass is then calculated by multiplying the dust
mass by the gas-to-dust ratio, which is usually assumed to be ,100
from measurements of the interstellar medium16. The gas mass thus
depends on a large and uncertain correction factor. The alternative is
to use rotational CO lines as gas tracers, but their emission is optically
thick and therefore trace the disk surface temperature rather than the
midplane mass. The use of CO as a gas tracer thus leads to large dis-
crepancies between mass estimates for different models of TWHya
(from 5|10{4M8 to 0:06M8, where M8 is the solar mass), even
though each matches a similar set of observations13,14.
Using the Herschel Space Observatory17 Photodetector Array
Camera and Spectrometer18, we robustly detected (9s) the lowest rota-
tional transition, J5 1R 0, of hydrogen deuteride (HD) in the closest
(D< 55 pc) and best-studied circumstellar disk around TWHya
(Fig. 1). This star is older (3–10Myr; refs 9, 10, 19) than most stars
with gas-rich circumstellar disks8. The abundance of deuterium atoms
relative to hydrogen is well characterized, via atomic electronic transi-
tions, to be xD5 (1.56 0.1)3 10
25 in objects that reside within
,100 pc of the Sun20. Adding a hydrogen atom to each, to form H2
and HD, which is appropriate for much of the disk mass, provides an
HD abundance relative to H2 of xHD5 3.03 10
25. We combine the
HD data with existing molecular observations to set new constraints
on the disk mass within 100 AU, which is the most fundamental quan-
tity that determines whether planets can form. The disk mass also
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Figure 1 | Herschel detection of HD in the TWHya protoplanetary disk.
a, The fundamental J5 1R 0 line of HD lies at,112mm. On 20 November
2011, it was detected from the direction of the TWHya disk at the 9s level. The
total integrated flux is (6.36 0.7)3 10218Wm22.We also report a detection of
the warm disk atmosphere in CO J5 23R 22 with a total integrated flux of
(4.46 0.7)3 10218Wm22. The J5 1R 0 line of HD was previously detected
by the Infrared Space Observatory in a warm gas cloud exposed to radiation
from nearby stars27. Other transitions have also been detected in shocked
regions associated with supernovae and outflows from massive stars28,29.
b, Simultaneous observations of HD J5 2R 1 are shown. For HD J5 2R 1,
we find a detection limit of,8.03 10218Wm22 (3s). We also report a
detection of the OH 2P1/2 9/2R 7/2 doublet near 55.94mmwith an integrated
flux of (4.936 0.27)3 10217Wm22. The spectra include the observed thermal
dust continuum of, 3.55 Jy at both wavelengths.
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governs the primary mode of giant-planet formation, either through
ore accretion or gravitational instability21. In this context, we do not
know whether the Solar Syst m for ed within a typical disk, because
early half of the present estimates of extrasolar disk masses are less
than the minimum s lar nebula mass8. Our current census of extra-
solar planetary systems further ore suggests that even larger disk
masses are necessary to form many of the exoplanetary systems
seen22,23.
With smaller rotational energy spacings and a weak electric dipole
moment, HD J5 1R 0 is onemillion timesmore emissive thanH2 for
a given gas mass at a gas temperature of Tgas5 20K. The HD line flux
(Fl) sets a lower limit to the H2 gas mass at distanceD (Supplementary
Information):
Mgasdiskw5:2|10{5
Fl
6:3|10{18 W m{2
! "
3|10{5
xHD
! "
|
D
55 pc
! "2
exp
128:5 K
Tgas
! "
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If HD is optically thick or deuterium is contained in other molecules
such as polycyclic aromatic hydrocarbons or molecular ices, the con-
version from deuteriummass to hydrogen mass will be higher and the
mass will thus be larger, hence the lower limit. The strong temperature
dependence arises from the fractional population of the J5 1 state,
which has a value of fJ51< 3exp(2128.5 K/Tgas) for Tgas, 50K in
thermal equilibrium. Owing to the low fractional population in the
J5 1 state, HD does not emit appreciably from gas with T< 10–15K,
which is the estimated temperature in the outer disk mass reservoir (at
a radius R> 20–40 AU). The HDmass derived from equation (1) pro-
vides n estimate of themass inwarm gas, and is therefore a lower limit
on the total m ss within 100AU.
The only factor in quation (1) that could lower themass estimate is
a higherTgas. The upper limit n the J5 2R 1 tr nsition ofHD (Fig. 1)
implies that Tgas, 80K in the emitting region. This Tgas estimate
yields Mgas diskw2:2|10{4M8, but Tgas is unlikely to be this high
for the bulk of the disk. CO rotational transitions are optically thick
and the level populations are in equilibrium with Tgas, and so they
provide a measure of Tgas. Atacama Large Millimeter/submillimeter
Array (ALMA) observations of CO J5 3R 2 emission in a 1.703 1.50
beam (corresponding to gas within a radius of ,43 AU) (Supplemen-
tary Information and Supplementary Fig. 1) yield an average Tgas of
29.7 K within 43 AU, and Mgas diskw3:9|10{3M8. This value is still
likely to be too low, because the emission from optically thick CO
presumably gives information aboutmaterial closer to the surface than
does HD, and this gas will be warmer than the HD line-emitting
region. Thus, essentially all correction factors would increase the mass
beyond this conservative limit, which already rules out a portion of
the low end of previous mass determinations.
To determine the mass more accurately, we turn to detailed models
that incorporate explicit gas thermal physics providing for substan-
tial radial and vertical thermal structure. Both published models of
the TWHya disk reproduce a range of gas-phase emission lines, but
in one case with Mgas disk~0:06M8 (ref. 14) and in the other with
Mgas disk~0:003M8 (ref. 13) (Supplementary Information and Sup-
plementary Table 1). These models were both placed into detailed
radiation transfer simulations. The results from this calculation and
the adopted physical structure are given in Fig. 2 for the model with
Mgas disk~0:06M8. Figure 2c shows the cumulative flux as a function
of radius for the higher-mass model; over 80% of the emission is
predicted to arise from gas within a radius of 80 AU. Furthermore,
Fig. 2d provides a calculation of the HD emissive mass as a function
of gas temperature. This calculation suggests that gas with a temper-
ature of 30–50K is responsible for the majority of the HD emission.
The model with Mgas disk~0:003M8 predicts an HD line flux of
Fl5 3.83 10
219Wm22, which is more than an order of magnitude
below the detected level. For this model to reach the observed flux, the
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Figure 2 | Model of the physical structure and HD emission of the TWHya
circumstellar disk. a, Radial (R) and vertical (Z) distribution of theH2 volume
density, nH2 , calculated in a model disk with mass 0.06M8 (ref. 14). Contours
start from the top at log10[nH2 (cm
23)]5 1.0 and are stepped in units of factors
of ten. b, Gas temperature structure as derived by the thermochemical model14.
Contours are at 10, 25, 50, 75, 100, 150, 200, 250 and 300K. c, Radial and
vertical distribution of the HD J5 1 volume density, nHD J51, predicted in a
model disk with the gas density and temperature structure as given in a and
b, with an HD abundance relative to H2 of 3.03 10
25. Contours start from the
top at log10[nHD J51 (cm
23)]523 and are stepped in factors of ten. The red
line shows the cumulative flux contribution as a function of radius in terms of
fractions of the overall predicted flux, 3.13 10218Wm22. To predict the HD
line emission, we calculate the solution of the equations of statistical
equilibrium including the effects of line anddust opacity using theLIME code30.
d, Fraction of the HD emission arising from gas with different temperatures,
computed as a function of the mass of HD excited to the J5 1 state in gas at
temperatures binned in units of 5K (MHD J51 (T)) normalized to the total mass
of HD with J5 1 (MHD J51). In particular,
Ð
nHD J~12pR dr dz is computed
successively in gas temperature bins of 5K and then normalized to the total
mass of HD in the J5 1 state.
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Bergin et al. (2013)
TW Hya
A&A proofs: manuscript no. paper_iso_twocol
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Fig. 2. 2D representations of the results obtained including isotope-selective e↵ects, for a representative model (Md = 10 2M , T Tauri star,
flarge = 10 2). The CO isotopologues abundances normalized to the total gas density are presented. The black solid line indicates the layer where
the dust temperature is equal to 20 K. For lower Tdust values, CO freeze-out may become important.
tios.These isotope-selective e↵ects for the 18O and 17O species
are also clearly seen when the values of Ratnxy for the total num-
ber of CO molecules summed over the whole disk are compared
in Table 2.
Another way to present the isotopologue fractionation is
through R, the cumulative column density ratios normalized to
12CO and the isotopic ratios , as done e.g. by Visser et al. (2009):
R(z) = Nz(
xCyO)[12C][16O]
Nz(12CO)[xC][yO]
, (7)
where [X] is the elemental abundance of isotope X and
Nz(xCyO)(z) =
zsurfZ
z
n(xCyO) dz0 , (8)
is the column density, integrated from the surface of the disk
(zsurf) down to the height z.
Figure 4 shows R as function of disk height through a verti-
cal cut at a radius of 150 AU for the three isotopologues in two
representative models. Consistent with Visser et al. (2009) for
C18O andC17O R is found to be constant around unity, until it
dips strongly at intermediate heights. There R perceptibly drops
because 12CO is already self-shielded and survives the photodis-
sociation, while UV photons still dissociate C18O andC17O. This
is the region where isotope-selective e↵ects are most detectable.
If only small grains are present in the disk (upper panel of Fig.
4) the temperature at which CO can freeze out (Tdust . 20 K) is
reached below z =10 AU, where the cumulative ratios are back
close to the elemental isotope ratios (R ⇠ 1). On the other hand
if large grains are considered (lower panel) this threshold shifts
to 25 AU, just in the region where isotope-selective dissociation
is most e cient. For heights smaller than 25 AU the tiny amount
of C18O andC17O remaining in the gas phase does not add to the
column density, so R is e↵ectively frozen at around 0.2 for both
isotopologues. 13CO, on the other hand, has less fractionation in
both models. R however increases by a factor of three at inter-
mediate heights (around z=40 AU) for this isotopologue due to
gas-phase reactions. For each isotopologue, isotope-selective ef-
fects are maximized if mm-sized grains are present in the disk,
as further discussed in section 3.2.
A negligible fraction of CO is in solid CO in our models,
in particular for the warm Herbig disks. Only the more massive
cold disks around T Tauri stars have a solid CO fraction compa-
rable to that of gaseous CO. Overall, a large fraction of oxygen
is locked up in water ice in the models. In particular, the excess
18O and 17O produced by the isotope-selective photodissociation
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• Consistently observed to be depleted 
(Dutrey et al. 1997, …) 
• Freeze out in cold disk interior 
• Photodissociation of CO in UV-
irradiated surface, outer region 
• Isotope-selective photodissociation: 
13CO, C18O, C17O 
• With appropriate model: reliable gas 
masses 
• e.g., Lupus survey gas:dust <100 
(Ansdell et al. 2016)
Miotello et al. (2014)
CO depletion
CO depletion
• Consistently observed to be depleted 
(Dutrey et al. 1997, …) 
• Freeze out in cold disk interior 
• Photodissociation of CO in UV-
irradiated surface, outer region 
• Isotope-selective photodissociation: 
13CO, C18O, C17O 
• With appropriate model: reliable gas 
masses 
• e.g., Lupus survey gas:dust <100 
(Ansdell et al. 2016)
Williams & Best (2014)
Snow lines
• Radial temperature gradient → 
snow lines for major volatiles: 
H2O, CO, N2? 
• Directly traced via CO isotopes
Building planets
NASA/JPL-
Caltech
or snow line
Small dust grains stick → 
pebbles → rocks → 
planetesimals → planets.
Calculations: meter-sized 
objects collide and shatter or 
drift to the star.
Major obstacle toward 
growing planets.
Outside the ‘snow line’ water 
ice makes grains heavier and 
stickier: jump start planet 
formation?
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Table 4
Fitting Results: Fractional Abundances and Distributions
Parameters CO 2–1 And 3–2 13CO 2–1 C18O 2–1 C17O 3–2
Midplane freezeout temperature (K) 19.0a 19.0 ± 0.3 19.0a 19.0a
σs 0.79a 0.79 ± 0.03 0.79a 0.79a
Fractional abundance (6.0 ± 0.3) ×10−5 (9.0 ± 0.6) ×10−7 (1.35 ± 0.20) ×10−7 (3.5 ± 1.1) ×10−8
Fractional abundance (no freezeout) (6.5 ± 0.3) ×10−5 (4.6 ± 0.3) ×10−7 (1.5 ± 0.2) ×10−8 (7.0 ± 2.2) ×10−8
Note. a Parameter values adopted from 13CO 2–1 fitting.
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Figure 11. Models of 13CO radial column densities for no freezeout (dotted),
freezeout at 18 K (dashed), 19 K (solid), and 20 K (dot-dashed). Each model
has been scaled to fit the 13CO 2–1 emission. Note that the CO snow line is at
a radius of 155 AU for TCO = 19 K and it increases from 135 to 175 AU when
TCO decreases from 20 to 18 K.
444±88, and C18O/C17O= 3.8±1.7. Our derived isotopic ratios
are all consistent with the quiescent interstellar gas-phase values,
which Wilson (1999) finds in the local ISM to be CO/13CO =
69 ± 6, CO/C18O = 557 ± 30, and C18O/C17O = 3.6 ± 0.2.
Our final model parameters are listed in Table 4. The mod-
els are directly compared with the data channel maps in
Figures 12 and 13 (with the velocities binned in 1 km s−1 chan-
nels). Table 4 also shows the best-fit fractional abundances in
a model of HD 163296 that does not include CO freezeout;
the 13CO/C18O ratio is determined to be 30.6± 6.1, about four
times higher than the value of 6.7±1.4 derived from our best-fit
models that consider CO freezeout at 19 K (Table 4) or the local
ISM value of 8.1 ± 1.1 (Wilson 1999). This provides indirect
evidence that we should also take into account CO freezeout in
the C18O 2–1 data analysis.
5. DISCUSSION
5.1. Modeling Dust Emission and CO Line Emission
We have modeled multiple emission lines of CO and its
isotopologues from the disk around HD 163296 in the context
of an accretion disk model structure, grounded in observations
of the broadband SED and resolved millimeter continuum
emission. The goal of this modeling effort is to develop
a more consistent examination of the connection between
the gas and dust phases in the disk. While our modeling
framework does not treat the complexity of a completely self-
consistent, simultaneous description of the energy balance and
chemistry between the gas and dust, it effectively employs
a set of parameters that can retrieve molecular abundance
information in a way that captures the essential character of the
layered disk structures predicted by those more sophisticated
models. Most importantly, our approach directly addresses two
common issues that are noted in much simpler structure models:
(1) a radius (or size) discrepancy between the dust and CO
emission, and (2) the degeneracy in the vertical temperature
structure for models based solely on the dust emission (i.e.,
the SED).
A longstanding problem with disk models has been the seem-
ingly different radial distributions of dust and gas when each
is considered independently (Dutrey et al. 2007). Isella et al.
(2007) presented multi-wavelength millimeter continuum and
CO isotopologue observations of the disk around HD 163296
and found a significant discrepancy between the outer radius de-
rived for the dust continuum (200±15 AU) and that derived from
CO emission (540±40 AU) in their truncated power-law models.
However, Hughes et al. (2008) showed that models with tapered
outer edges can naturally reconcile the apparent size discrepancy
in dust and gas millimeter imaging. The successful fitting of CO
isotopologues in the HD 163296 disk using the SED-based disk
model with an exponentially tapered outer edge, without invok-
ing an unknown or unconstrained chemical effect, provides new
support for the necessity of including this feature in outer disk
structure.
The SED alone does not provide any direct information on
the temperature structure of the intermediate disk layers where
the CO (and other molecular) emission is generated. In our
modeling framework for the HD 163296 disk, the SED (and
millimeter continuum images) can be fit equally well for a
wide range of vertical temperature/density profiles, highlight-
ing the degeneracy of the dust data with the parameter zbig,
the height marking the transition between the small grains
in the disk atmosphere and the big grains concentrated toward
the midplane. However, we have found that resolved observa-
tions of optically thick CO lines at a range of excitations can
be used to place stringent constraints on the vertical tempera-
ture structure. Previous analysis of the CO J = 2–1 and 3–2
lines from the HD 163296 disk suggested that gas temperatures
were always higher than 20 K, ruling out CO freezeout as a
cause for the depletion of CO abundances (Isella et al. 2007).
But as we discussed in Section 4.2 (see Figure 8), the small
excitation leverage between those low-lying transitions is not a
strong discriminant of the temperature profile. Here, we make
use of the higher-excitation J = 6–5 line to better constrain the
vertical structure of the disk, and find a colder midplane that
is consistent with significant CO freezeout. Although observa-
tions of these various CO transitions are expensive, there are
likely other molecules that emit at nearby frequencies and can
be used to trace a sufficient range of excitation conditions (e.g.,
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Figure 12. For each panel, the top rows are the velo i y channel maps of the 13CO, C18O 2–1, and C17O 3–2 emissions toward HD 163296, respectively (velocities binned
in 1 km s−1). Contours are 0.04 Jy beam−1 (1σ ) ×[3, 6, 9, 12, 15, 18, 24, 30, 36, 42, 48, 54] for 13CO 2–1; 0.03 Jy beam−1 (1σ ) ×[2, 4, 6, 8, 10, 12, 14, 16, 18, 20]
for C18O 2–1; and 0.15 Jy beam−1 (1σ ) ×[2, 3, 4, 5, 6, 7] for C17O 3–2. The middle rows are the best-fit models and the bottom rows are the difference between the
best-fit models and data on the same contour scale.
(A color version of this figure is available in the online journal.)
14
HD163296
Snow lines
• Radial temperature gradient → 
snow lines for major volatiles: 
H2O, CO, N2? 
• …or indirectly via N2H+
Building planets
NASA/JPL-
Caltech
or snow line
Small dust grains stick → 
pebbles → rocks → 
planetesimals → planets.
Calculations: meter-sized 
objects collide and shatter or 
drift to the star.
Major obstacle toward 
growing planets.
Outside the ‘snow line’ water 
ice makes grains heavier and 
stickier: jump start planet 
formation?
12
Image credit: NASA/JPL-Caltech
Image credit: NASA/JPL
Qi et al. (2013, 2015)
Flower (1999) based on HCO+ collisional rates with H2 and the
molecular data ﬁles are retrieved from the Leiden Atomic and
Molecular Database (Schöier et al. 2005).
Figure 2 compares the observed N2H
+ emission map with
the best-ﬁt model (Table 2). See Table 3 of Qi et al. (2011) for
other related disk model parameters, including disk inclination
and orientation. The best-ﬁt model matches the observations
very well: the residual image shows no signiﬁcant emission
above the 3σ level. Based on this model, the N2H
+ column
density is 2.6 ± 0.1 × 1011 cm−2 at 100 AU and the power-law
index is −0.7. The most important parameter in the model ﬁt is
Rin, since it is associated with the CO snow line location. We
ﬁnd Rin = 90 6
8
-
+ AU. Note that this radius is 65 AU interior to
the CO snow line location estimated by Qi et al. (2011). The
N2H
+ inner edge corresponds to a midplane temperature of
25 K in the underlying model of the disk structure.
3.2. C18O Constraints on the CO Snow Line
The CO snow line location that would be implied by the
N2H
+ inner ring edge is in clear conﬂict with the value derived
by Qi et al. (2011), which was based on modeling the 13CO line
emission. Here we (re-)analyze the spatially resolved CO
isotopologue emission from the HD 163296 disk using the
same model framework as outlined above and ALMA archival
13CO and C18O data.
As a ﬁrst step we repeated the analysis presented in Qi et al.
(2011) using the new 13CO J = 2−1 data from ALMA, with
substantially improved sensitivity (Qi et al. 2011 used
Submillimeter Array observations). Doing so, we recover the
best-ﬁt model presented by Qi et al. (2011), with a CO snow
line at 155 AU. Next, we tried to ﬁt the new ALMA C18O
J = 2−1 data using the same model structure and CO snow line
location, but with the fractional abundance of C18O as a free
parameter. Figure 3 (top panels) demonstrates that such a
model cannot ﬁt the C18O data very well. The model with a
155 AU snow line systematically overpredicts the C18O
emission interior to 155 AU and underpredicts it at larger
radii, regardless of the level of CO depletion, indicating that
there is no sharp drop in the CO abundance at 155 AU.
Compared to 13CO, C18O should be less affected by opacity
effects and therefore provide a more direct constraint on the CO
column density proﬁle.
The failure of the model to reproduce the C18O emission
morphology with a ﬁxed 155 AU snow line suggests that 13CO
emission is not a robust tracer of CO depletion by freeze-out.
One possible explanation of this discrepancy is that the 13CO
line is optically thick out to ∼155 AU; the apparent 155 AU
snow line inferred by Qi et al. (2011) actually reﬂects the
transition to optically thin emission, with a pronounced
intensity drop without a corresponding column density
decrease. In order to maintain high 13CO optical depths at
such large radii, there must be some midplane gas-phase CO
abundance exterior to the CO snow line. Qi et al. (2011)
assumed complete freeze-out of CO whenever the temperature
is below a critical value. However, non-thermal desorption
mechanisms (e.g., UV photodesorption) can maintain a
relatively large CO fraction in the gas phase (Öberg
et al. 2008) at the low densities present in the outer disk.
The C18O isotopologue is expected to be ∼8× less abundant
than 13CO, and therefore its emission morphology is much less
likely to be affected by these opacity effects. To explore its
ability to constrain the CO snow line, we repeated the analysis
methodology described by Qi et al. (2011), but now with both
the CO freeze-out temperature (TCO) and the CO freeze-out
fraction (depletion factor; FCO) as free parameters (while ﬁxing
the surface boundary σs as 0.79 to keep the problem
computationally tractable). The lower boundary (toward mid-
plane) is still governed by TCO, and the abundance of CO drops
substantially when T < TCO but not to 0, i.e., no complete
freeze-out of CO. We ﬁnd a best-ﬁt TCO = 25–26 K, which
occurs at a radius of 85–90 AU for the adopted disk structure.
The best-ﬁt C18O abundance is 9 × 10−8, corresponding to
CO abundance of 5 × 10−5 assuming an abundance ratio of
CO/C18O = 550, and the depletion factor is about 5. The
depletion factor depends on the detailed thermal and non-
thermal desorption processes of CO ice across the disk.
However, in this model approach, it is ﬁt as a constant and the
value of the depletion factor doesn’t affect the derived value of
TCO or the location of the CO snow line RCO in our model ﬁt.
The bottom panel of Figure 3 shows the C18O column density
proﬁle of the best-ﬁt model compared with the original Qi et al.
(2011) model. In this model, the optical depth of 13CO J = 2−1
is about unity at around 155 AU (with 13CO column density
around 7× 1016 cm−1 assuming 13CO/C18O is around 8),
where dashed blue ellipses mark the transition from optically
thick to thin for 13CO J = 2−1 emission. The match of the
Figure 2. N2H
+ 3 − 2 observations, simulated observations of the best-ﬁt N2H+ model, and the imaged residuals, calculated from the visibilities. The red ellipse
marks the best-ﬁt inner radius of the N2H
+ ring at 90 AU, the CO snow line in the disk midplane. The residual shows also the contours in steps of 3σ. The integrated
line emission scale is shown to the right of the upper right panel. Synthesized beams are drawn in the bottom left corner of each panel.
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Flower (1999) based on HCO+ collisional rates with H2 and the
molecular data ﬁles are retrieved from the Leiden Atomic and
Molecular Database (Schöier et al. 2005).
Figure 2 compares the observed N2H
+ emission map with
the best-ﬁt model (Table 2). See Table 3 of Qi et al. (2011) for
other related disk model parameters, including disk inclination
and orientation. The best-ﬁt model matches the observations
very well: the residual image shows no signiﬁcant emission
above the 3σ level. Based on this model, the N2H
+ column
density is 2.6 ± 0.1 × 1011 cm−2 at 100 AU and the power-law
index is −0.7. The most important parameter in the model ﬁt is
Rin, since it is associated with the CO snow line location. We
ﬁnd Rin = 90 6
8
-
+ AU. Note that this radius is 65 AU interior to
the CO snow line location estimated by Qi et al. (2011). The
N2H
+ inner edge corresponds to a midplane temperature of
25 K in the underlying model of the disk structure.
3.2. C18O Constraints on the CO Snow Line
The CO snow line location that would be implied by the
N2H
+ inner ring edge is in clear conﬂict with the value derived
by Qi et al. (2011), which was based on modeling the 13CO line
emission. Here we (re-)analyze the spatially resolved CO
isotopologue emission from the HD 163296 disk using the
same model framework as outlined above and ALMA archival
13CO and C18O data.
As a ﬁrst step we repeated the analysis presented in Qi et al.
(2011) using the new 13CO J = 2−1 data from ALMA, with
substantially improved sensitivity (Qi et al. 2011 used
Submillimeter Array observations). Doing so, we recover the
best-ﬁt model presented by Qi et al. (2011), with a CO snow
line at 155 AU. Next, we tried to ﬁt the new ALMA C18O
J = 2−1 data using the same model structure and CO snow line
location, but with the fractional abundance of C18O as a free
parameter. Figure 3 (top panels) demonstrates that such a
model cannot ﬁt the C18O data very well. The model with a
155 AU snow line systematically overpredicts the C18O
emission interior to 155 AU and underpredicts it at larger
radii, regardless of the level of CO depletion, indicating that
there is no sharp drop in the CO abundance at 155 AU.
Compared to 13CO, C18O should be less affected by opacity
effects and therefore provide a more direct constraint on the CO
column density proﬁle.
The failure of the model to reproduce the C18O emission
morphology with a ﬁxed 155 AU snow line suggests that 13CO
emission is not a robust tracer of CO depletion by freeze-out.
One possible explanation of this discrepancy is that the 13CO
line is optically thick out to ∼155 AU; the apparent 155 AU
snow line inferred by Qi et al. (2011) actually reﬂects the
transition to optically thin emission, with a pronounced
intensity drop without a corresponding column density
decrease. In order to maintain high 13CO optical depths at
such large radii, there must be some midplane gas-phase CO
abundance exterior to the CO snow line. Qi et al. (2011)
assumed complete freeze-out of CO whenever the temperature
is below a critical value. However, non-thermal desorption
mechanisms (e.g., UV photodesorption) can maintain a
relatively large CO fraction in the gas phase (Öberg
et al. 2008) at the low densities present in the outer disk.
The C18O isotopologue is expected to be ∼8× less abundant
than 13CO, and therefore its emission morphology is much less
likely to be affected by these opacity effects. To explore its
ability to constrain the CO snow line, we repeated the analysis
methodology described by Qi et al. (2011), but now with both
the CO freeze-out temperature (TCO) and the CO freeze-out
fraction (depletion factor; FCO) as free parameters (while ﬁxing
the surface boundary σs as 0.79 to keep the problem
computationally tractable). The lower boundary (toward mid-
plane) is still governed by TCO, and the abundance of CO drops
substantially when T < TCO but not to 0, i.e., no complete
freeze-out of CO. We ﬁnd a best-ﬁt TCO = 25–26 K, which
occurs at a radius of 85–90 AU for the adopted disk structure.
The best-ﬁt C18O abundance is 9 × 10−8, corresponding to
CO abundance of 5 × 10−5 assuming an abundance ratio of
CO/C18O = 550, and the depletion factor is about 5. The
depletion factor depends on the detailed thermal and non-
thermal desorption processes of CO ice across the disk.
However, in this model approach, it is ﬁt as a constant and the
value of the depletion factor doesn’t affect the derived value of
TCO or the location of the CO snow line RCO in our model ﬁt.
The bottom panel of Figure 3 shows the C18O column density
proﬁle of the best-ﬁt model compared with the original Qi et al.
(2011) model. In this model, the optical depth of 13CO J = 2−1
is about unity at around 155 AU (with 13CO column density
around 7× 1016 cm−1 assuming 13CO/C18O is around 8),
where dashed blue ellipses mark the transition from optically
thick to thin for 13CO J = 2−1 emission. The match of the
Figure 2. N2H
+ 3 − 2 observations, simulated observations of the best-ﬁt N2H+ model, and the imaged residuals, calculated from the visibilities. The red ellipse
marks the best-ﬁt inner radius of the N2H
+ ring at 90 AU, the CO snow line in the disk midplane. The residual shows also the contours in steps of 3σ. The integrated
line emission scale is shown to the right of the upper right panel. Synthesized beams are drawn in the bottom left corner of each panel.
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Fig. 3. Channel maps of the CO(3–2) emission in HD 163296 from 3.19 to 8.23 km s−1. The spectral resolution is 0.21 km s−1 and
the rms per channel is 14mJy beam−1.
right panel) that there is a layer of hot gas at the surface of the
disk, significantly hotter than the dust, for radii smaller than 50–
80AU. MCFOST does not calculate the gas temperature, but we
can verify easily that the model CO surface brightness profile is
a good match to the data when using Tgas = 1.5Tdust for a radius
<80AU, and Tgas = Tdust elsewhere. This is the model shown in
Fig. 2, where the resulting change in the brightness profile, after
convolution by the synthesized beam, is shown to match the ob-
served profile. In this slightly modified model, the same value of
gamma = 0.9 is used for the CO gas disk, and the extra emission
is coming only from the increased in gas temperature at small
radii, with no impact on the outer disk surface brightness profile.
4.2. Origin of the different surface brightness profiles
Coronagraphic imaging with the Hubble Space Telescope to-
ward HD 163296 revealed a scattered light disk with an outer
radius that extends to at least 450AU (Grady et al., 2000). This
suggests sub-micron dust particles responsible for scattered light
remain coupled to the gas, while larger particles (∼ 100 µm or
larger) responsible for the 850 µm emission are concentrated
in a smaller radius closer to the central star. One plausible ex-
planation for the clear diﬀerence in the radial distributions of
millimeter-sized dust grains and CO gas is a combination of
grain growth and inward migration. It is known that grain growth
occurs in this disk, as reported by Isella et al. (2007) based on the
slope of the dust opacity law in the interval 0.87-7mm. Related
to the inward migration, models predict the gas drag to be more
eﬃcient in intermediate size dust particles, with small grains
remaining coupled to the gas (as seen in scattered light) and
boulders following marginally perturbed Keplerian orbits (e.g.
Barrie`re-Fouchet et al. 2005). Models predict a sharp cut-oﬀ of
the sub-millimeter continuum emission when both grain growth
and inward migration are considered (e.g. Laibe et al. 2008), in
agreement with our observations. A similar case of dusty com-
pact disk with a sharp outer edge smaller than the CO gaseous
disk has been reported by Andrews et al. (2012) for TW Hya.
Radial dust migration, expected to occur in disks massively,
is an important ingredient for the evolution of disks and the for-
mation of planets. Nevertheless it remains a phenomenon that is
poorly constrained by observations. More eﬀorts are needed to
identify new sources like TW Hya and HD 163296 to better un-
derstand and characterise the physical processes leading to these
more compact continuum disks at sub-millimeter wavelengths.
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Probing the CO snow line in the disk 
around HD 163296 with ALMA
Motivation and key findings
CO freezes out at T≲20 K. The resulting ‘CO snow line’ in protoplanetary disks may promote planetesimal 
formation. CO freeze out also affects gas chemistry. We use this to characterize the CO snow line in the disk 
around HD163296 with ALMA Cycle 2 observations.
1. Peak emission moves to larger radii from DCN via DCO+ to N2D+, reflecting a shift in deuteration from 
CH2D+ to H2D+.
2. DCO+ extends no further than the grains dominating the continuum emission (≲250 au), smaller than the 
550 au radius CO disk.
3. H2CO extends out to the full 550 au of the gas disk, but is absent inside radii of ~60 au.
4. With increasing height above the midplane, emission peaks of DCO+, H2CO, and CO are found. Work is in 
progress to separate vertical distribution of these species from excitation and opacity effects.
HD163296
distance 122 pc
stellar mass 2.5 M⊙
spectral type A2
age ~5 Myr
disk mass 0.07 M⊙
disk radius 550 au (CO)
inclination 45˚
DCN 3-2 much more compact than DCO+.
Expected, since DCN is formed via warmer deuteration route involving CH2D+, 
while DCO+ is also formed at lower T via H2D+ (cf. Favre et al. 2015).
DCN (–) on DCO+ (color)
N2D+ 3-2 confined to a ring, coincident with outer region of DCO+ emission.
Consistent with expectation that N2D+ (like N2H+) is destroyed via reactions with 
CO, tracing T≲20 K region.
N2D+
N2D+ (–) on DCO+ (color)
Radial:
DCN < DCO+ < N2D+
From warm to cold deuteration routes.
Vertical:
DCO+ below H2CO below CO.
Work in progress: opacity vs excitation vs chemistry.
DCO+ (grey scale)
DCN (–––)
N2D+ (–––)
star (+)
-2 < v < +2 km s-1 +2 < v < +5 km s-1-5 < v < -2 km s-1
CO (color)
H2CO (–)
DCO+ (–)
v ± 1.4 km s-1
DCO+ 3-2 emission forms broad ring.
Ring is wider than suggested by low S/N data from Mathews et al. (2013).
Emission lobes at v=±1.4 km s-1 suggests emission from low z/R.
Extent of emission confined to radius ≲ 25o au (≈mm dust).
DCO+ v ± 1.4 km s-1
bisector
CO 2-1 extends to 550 au radius.
Flared disk + freeze out + opacity → double lobe structure.
Angle between bisecting lines at relative v of ±1.4 km s-1 constrains location of 
CO emitting layer to z/R = 0.1±0.02 (BSc thesis van Houdt & Rapassu, Leiden).
CO v ± 1.4 km s-1
bisector
H2CO 303-202 detected; upper limits on 321-220 and 322-221.
Emission extends to ~500 au, same as CO.
Emission absent from inner ~60 au.
Emission lobes at v=±1.4 km s-1 suggest origin above midplane.
H2CO
v ± 1.4 km s-1
bisector
S/N~4000 reached.
Emission confined to within 2” (250 au) radius, ≪ CO extent.
Confirms surface density of mm grains found by de Gregorio-Monsalvo et al. ’13.
Continuum 1.3 mm continuum
Michiel Hogerheijde, Vachail Salinas, Mason Carney, Charlie Qi, Karin Öberg, 
David Wilner, Jonathan Williams, Geoff Mathews
DCN
HD163296
• Interstellar radiation field penetrates outer disk 
• Extended CN emission compared to HCN
UV irradiated outer regions
Guzmán et al. (2015)
See also Chapillon et al. (2012) for more results on HCN, CN, HC3N
MWC 480 DM Tau
UV irradiated outer regions
• Interstellar radiation field penetrates outer disk 
• Extended CN emission compared to HCN 
• Photodesorption (rather than thermal desorption) sets up a second, outer 
snow line
DCO+ in IM Lup 3
TABLE 1
Molecular line data
Molecular Line Rest freq. Log10(Aij) Eu beam (PA) Integrated flux
GHz K ′′ × ′′ (◦) mJy km/s
DCO+ J=3–2 216.1126 -2.62 20.7 0.′′65 × 0.′′48 (-71◦) 450 ± 45
C18O J=2–1 219.5604 -6.22 15.8 0.′′68 × 0.′′47 (-60◦) 1460 ± 150
H13CO+ J=3–2 260.2553 -2.87 25.0 0.′′68× 0.′′59 (89◦) 484 ± 48
Fig. 1.— Continuum and integrated emission maps of C18O 2–1, H13CO+ 3–2 and DCO+ 3–2 toward IM Lup (top row), integrated
emission in two velocity bins (middle row) and deprojected azimuthally averaged profiles (bottom row). top row: The contours in the
continuum map are 2σ+[2,4,8,16,...]σ with the continuum rms σ = 0.24 mJy. The 2σ continuum contour is also shown on top of the
integrated line emission maps. The integrated line emission in units of mJy km/s beam−1 is shown in gray scale (see individual color bars
in each panel). The continuum peak is marked by a red cross and the synthesized beam is displayed in the bottom left of each panel.
middle row: The integrated emission in two velocity bins around the source velocity has been scaled by 0.3 for C18O and 0.7 for HCO+
to enable all three line maps to be shown on the same scale (color bar to the right of the DCO+ panel). bottom row: The azimuthally
averaged molecular emission profiles have been labeled to highlight the lack of molecular emission at the continuum maximum, and the
clear DCO+ double-ring structure.
Fig 1 presents integrated line emission maps of the same
lines split up into two velocity bins around the source
velocity to visualize the disk rotation. The integrated
emission in these panels have been scaled to a constant
emission maximum to show the increasing importance of
extended emission for DCO+ compared to H13CO+, and
for H13CO+ compared to C18O . To visualize the radial
structure of these tracers more clearly and to mitigate
any bias introduced by the applied clipping threshold,
we also produced moment-0 maps without any clipping,
deprojected and azimuthally averaged them into radial
brightness profiles (Fig. 1, bottom panels). We assumed
an inclination of 49◦ and a position angle of -35◦ for these
calculations (Pinte et al. 2008; Panic´ et al. 2009).
The integrated emission maps and average radial pro-
files reveal two significant morphological features. First,
all three molecular species show a clear central depres-
sion. The C18O and DCO+ emission each peak at a
radius of 0.′′6, or ∼90AU, and the H13CO+ line peaks at
0.′′8 (∼125AU). Second, DCO+ exhibits a large second
ring at 2′′, near the outer edge of the continuum emis-
sion. No such ring is observed in C18O, H13CO+ or the
continuum. However, the H13CO+ emission “plateaus”
around the same radius and C18O exhibits a subtle slope
change.
4. DISK CHEMISTRY MODELING
4.1. Model Description
Öberg et al. (2015)
IM Lup
Volatiles
• Other detected volatiles 
• H2O in several disks 
• gas-phase production / evaporation in 
inner disk
(several hundred degrees kelvin) regions of mo-
lecular gas that surround luminous protostars.
The abundances of HCN and C2H2 in AATauri,
relative to H2O, are also substantially higher than
measurements for cometary volatiles (fig. S1),
whereas the abundance of CO2 is consistent
with or possibly less than its abundances in both
comets and interstellar ices.
If molecular cores are representative of the
composition of material that is incorporated into
disks, then the higher abundances for AA Tauri
suggest that substantial molecular synthesis takes
place within the disk. The observed region of the
disk lies well inside th radius where ices would
sublimate, based on the gas temperatures and in-
ferred radii. This situation is similar to that of hot
molecular cores, where a warm gas phase follows
the sublimation of molecules from icy grain man-
tles. The sub equent gas-phase chemistry (19) may
produce the complex organic molecules observed
with millimeter-wave spectroscopy in both mas-
sive hot cores and the corresponding regions
surrounding low-mass protostars (20). Analogous-
ly, the indication of molecular synthesis in AA
Tauri suggests that more complex organic mol-
ecules, including those of pre-biotic interest,
might be produced within disks.
Similarly high abundances of C2H2, HCN,
and CO2 have also been observed (7) in ab-
sorption toward the low-mass protostar IRS 46,
where the molecules potentially reside in a disk
viewed at a favorable edge-on inclination or in
an outflowing disk wind. Such gas absorption is
rare toward low-mass protostars (7). In contrast,
emission from a disk, such as the ubiquitous CO
fundamental emission from CTTSs, does not re-
quire a special orientation to be observable. The
fact that the molecular features in the mid-infrared
spectrum of AA Tauri are detected in emission,
combined with the fact that it is a typical CTTS,
suggests the potential to study organic molecules
and water in a large number of CTTS disks.
The high abundances in the AATauri disk are
generally consistentwith the predicted abundances
at approximately 1-AU radii in a disk chemical
model (21) for the inner 5 AU of protoplanetary
disks (Fig. 3). However, the model results are ver-
tically integrated abundances for the disk, whereas
the molecular emission lines we observed are
likely to probe only the upper disk atmosphere.
The high abundances we derived are not expected
in recentmodels that calculate the vertical thermal-
chemical structure of the gas in disk atmospheres
(16), which predict low abundances for molecules
such asH2O in the temperature inversion region of
the atmosphere where emission lines form. If
these models are correct, our measurements may
be a sign of vertical mixing that carries molecular
species from deep in the disk, where they are
abundant, up to the surface where they are ob-
served. Such turbulent mixing is predicted (22) by
the magnetorotational instability (23), the process
that is hypothesized to power disk accretion.
Our results for AA Tauri demonstrate the po-
tential to measure the distribution of water vapor
throughout the terrestrial planet region of disks,
information that was previously restricted to
hot H2O inside of 0.3 AU (6, 13). The abun-
dance of water vapor in the inner disk is im-
portant in setting the oxidation state of the gas,
which influences the chemistry and mineralogy.
Knowledge of the distribution of water (gas and
ice) is also central to understanding the origin of
water in inner solar system bodies and the forma-
tion of giant planets via the core accretion mech-
anism. The high abundance of H2O for AATauri,
if typical, would rule out simple models where
outward diffusion rapidly depletes water vapor in
the inner disk (24), leading to large ice density
enhancements at larger radii and the rapid growth
of giant planet cores. More detailed models (25)
that include a variety of physical processes predict
a more complicated evolution of water vapor in
the inner disk, with both enhancements and deple-
tions that vary with time and radius, indicating the
importance of measuring the abundance and dis-
tribution of water with evolutionary age.
Fig. 2. Comparison of
the observed spectrum of
AA Tauri to the combined
model spectrum (11).
The observed continuum-
subtracted spectrum from
13 to 16 mm (above) is
offset from the model
spectrum (below). The er-
ror bar indicates the av-
erage uncertainty in the
observed spectrum. The
model is a slab in local
thermodynamic equilibri-
um, with an independent
temperature, column den-
sity, and disk area derived
for each molecular species
(Table 1). All the unla-
beled features are rotational transitions of H2O.
Table 1. Molecular gas parameters and abundances derived for AA Tauri.
Molecule T (K) N (1016 cm−2) R* (AU) Abundance to CO
H2O 575 ± 50 65 ± 24 2.1 ± 0.1 1.3
OH 525 ± 50 8.1 ± 5.2 2.2 ± 0.1 0.18
HCN 650 ± 100 6.5 ± 3.3 0.60 ± 0.05 0.13
C2H2 650 ± 150 0.81 ± 0.32 0.60† 0.016
CO2 350 ± 100 0.2 –13 1.2 ± 0.2 0.004 – 0.26
CO 900 ± 100 49 ± 16 0.7 ± 0.1 1.0
*The equivalent radius for the emitting area A (R = [A/p]1/2). †Area was set to that derived for HCN.
Fig. 3. Comparison of abun-
dances relative toCO.Theabun-
dances for each molecule X
relative to CO [N(X)/N(CO)]
derived for AA Tauri (squares)
are compared to the abun-
dances for hot molecular cores
(triangles) and to disk chem-
ical models (21) at radii of
1 and 5 AU (open circles with
radius labeled). The abun-
dances for hot cores are based
on observations of absorption
bands made with the Infrared
Space Observatory (26–28).
The organic molecules were
studied using the same mid-
infrared bands that were ana-
lyzed for AA Tauri.
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Fig. . PACS spectrum (continuum-subtracted) of selected lines. The (blue) dashed line indicates t e root mean square of the baseline multiplied
by three. The presented spectrum has been smoothed (smooth width = two bins) for clarity. The red line is a Gaussian fit to the detected lines.
on-source integration time is 6176 s for the B2A (51−73µm)
and short R1 (70−105µm) modules and 8360 s for the B2B
(70−105µm) and long R1 (140−220µm) modules. The data
were reduced with HIPE 8.0.2489 using standard calibration
files from level 0 to level 2. The data for the two nod positions
were reduced separately (oversampling factor = 3, up-sampling
factor = 1 to ensure that the noise in each spectral point is inde-
pendent) and averaged after a flat-field correction.
The spectrum was extracted from the central spaxel
(9.4′′ squar ) to optimize the signal-to-noise ratio. Owing to the
large point spread function of the telescope, some flux leaks into
the ther spaxels of the PACS array. To recover the absolute flux
level, we applied a correction factor using the spectrum extracted
from the centr l 9 spaxels (3× 3 extraction): this was performed
by fitting a third-order polynomial to each of the two extracted
sp ctra (central spaxel and 3×3) and multiplying by a correction
defined to be the ratio of these two fits. Finally, the spectrum was
scaled so that the spectrum matched the PACS photometry (from
Meeus et al., in prep.) at 70µm and 160µm.
The line flux (Fline) was measured by fitting a Gaussian
function and the uncertainty (σ) was given by the product
S T DF
√
δλ FWHM 1, where S T DF (W m−2 µm−1) is the stan-
dard deviation of the (local) pe trum, δλ is the wavelength spac-
ing of the bins (µm), and FWHM is the full width at half maxi-
mum of the line (µm).
3. Results
We clearly detect the strong [O i] 63 µm line as well as five
OH far-infrared features above 3σ (i.e. having Fline/σ > 3,
Table 1). Spectra of selected lines are shown in Fig. 1. The
OH lines are readily recognized because of their doublet pattern;
only intra-ladder transitions, which have the largest Einstein-A
coeﬃcients, are found. In the case of the 2Π1/2 7/2−5/2 doublet
at 71 µm, only one of the two lines is detected, although the non-
detection of the second line is hardly significant within the noise.
Asymmetric line intensities of Λ-doublets are predicted at high
temperature (Oﬀer & van Dishoeck 1992), but because of the
noise this doublet is not considered in our analysis below.
Three lines of H2O are detected slightly above 3σ (Table 2).
The H2O 818−707 line at 63.32µm is seen not only in our data
but also in the GASPS spectrum shown by Tilling et al. (2012),
although they do not claim a detection. The H2O 423−312 line at
78.74µm is seen here with a flux of 1.8 (±0.4) × 10−17 W m−2,
while Tilling et al. (2012) report only a 3σ upper limit of
1.5 × 10−17 W m−2. Meeus et al. (2012) claim a detection of
far-infrared H2O emission toward this source based on new
1 This formula comes directly from the error propagation of the
sum Σi(Fi), where Fi is the flux of the ith spectral bin.
Table 1. [O i] and OH line fluxes.
Transition λobs Fline Fmline Eu log Aul
(µm) (10−17 W m−2) (K) (s−1)
[O i] 63.2 19.8± 1.2 228 –4.05
2Π1/2 9/2+−7/2− 55.8 5.6 ± 1.1 6.7 875 0.34
2Π1/2 9/2−−7/2+ 55.9 6.1 ± 1.1 6.7 875 0.34
2Π3/2 9/2−−7/2+ a 65.1 6.4 ± 1.2 5.9 512 0.11
2Π3/2 9/2+−7/2− 65.2 5.8 ± 1.0 5.9 511 0.10
2Π3/2 7/2−−5/2+ 84.6 2.2 ± 0.4 2.8 291 –0.28
2Π3/2 7/2+−5/2− 84.4 2.2 ± 0.4 2.8 291 –0.28
2Π3/2 5/2−−3/2+ 119.2 1.2 ± 0.3 0.9 121 –0.86
2Π3/2 5/2+−3/2− 119.4 0.9 ± 0.3 0.9 121 –0.86
Notes. Column Fmline reports the line flux predicted by the best-fit model.(a) Blended with o-H2O 625−514.
Table 2. H2O line fluxes.
Transition λobs Fline Fmline Eu log Aul
(µm) (10−17 W m−2) (K) (s−1)
p-H2O 431–322 a 56.31 2.7 ± 1.6 2.5 552 0.16
o-H2O 909–818 a 56.82 0.9 ± 1.6 1.5 1323 0.39
o-H2O 818–707 63.32 2.0 ± 0.6 2.0 1070 0.24
o-H2O 707–616 71.95 2.2 ± 0.5 1.9 843 0.06
o-H2O 423–312 78.74 1.8 ± 0.4 1.7 432 –0.32
o-H2O 616–505 a 82.03 0.8 ± 0.8 1.5 643 0.06
p-H2O 322–211 a 89.98 0.9 ± 0.9 0.8 296 –0.45
o-H2O 221–110 a 108.07 0.7 ± 0.5 0.7 194 –0.59
o-H2O 414–303 a 113.54 0.7 ± 0.4 0.6 323 –0.61
Notes. (a) Flux integrated over 5 bins centered at the expected line
position.
GASPS data. Pontoppidan et al. (2010) also provide tentative
detections of H2O lines in the mid-infrared Spitzer wavelength
range. Table 2 summarizes our fluxes and includes the fluxes
measured at the position of some (undetected) key H2O lines
that are used later in the analysis.
The detected lines have upper level energies over a wide
range of values of Eu/k ∼ 120−900 K (OH) and Eu/k ∼
400−1300 K (H2O). Most of the lines are detected in the blue
part of the spectrum.
3.1. Confirmation of H2O by line stacking
Since only three H2O lines are marginally detected above 3σ, we
used the availability of the full DIGIT PACS spectrum to con-
firm the presence of warm water in this disk through a stacking
L9, page 2 of 5
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AA Tau
HD163296
Volatiles
• Other detected volatiles 
• H2O in several disks 
• gas-phase production / evaporation in 
inner disk 
• photodesorption in outer disk 
• much lower amount than expected 
→ most ices settled in the midplane 
on larger grains? 
• NH3 in TW Hya
Vachail N. Salinas et al.: First detection of gas-phase ammonia in a planet-forming disk
(Dutrey et al. 2007; O¨berg et al. 2010, 2011b). Although some
upper limits exist for NH3 in protoplanetary disks in the near-
infrared (Salyk et al. 2011; Mandell et al. 2012), there are no
published detections at the moment.
Here we report the first detection of NH3 along with the
N2H+ 6–5 line in the planet-forming disk around TW Hya using
the HIFI instrument on the Herschel Space Observatory. This
disk has already been well studied. It was first imaged by the
Hubble Space Telescope (HST) (Krist et al. 2000; Weinberger
et al. 2002) revealing a nearly face-on orientation. Roberge et al.
(2005) took new HST images confirming this orientation and
measured scattered light up to 280 au. Submillimeter interfero-
metric CO data suggest an inclination of 6  to 7  (Qi et al. 2004;
Rosenfeld et al. 2012). The age of TW Hya is estimated to be
8–10 Myr (Ho↵ et al. 1998; Webb et al. 1999; de la Reza et al.
2006; Debes et al. 2013) at a distance of 54 ± 6 pc (Rucinski &
Krautter 1983; Wichmann et al. 1998; van Leeuwen 2007).
This paper attempts to model the ammonia emission com-
ing from TW Hya assuming that it is desorbed simultaneously
with water. The thermal desorption characteristics of ammonia
are similar to those of water (Collings et al. 2004). The non-
thermal desorption of ammonia via photodesorption has a sim-
iliar rate to that of water, within a factor of three (O¨berg 2009).
Ammonia is frozen in water-rich ice layers present on interstel-
lar dust particles. Therefore, we can expect both molecules to
be absent from the gas phase within similar regions. In order
to properly constrain the NH3/H2O ratio we need to revisit past
models of water emission in the disk surrounding TW Hya.
The ground-state rotational emission for both of the water
spin isomers has been found around TW Hya by Hogerheijde
et al. (2011) (from now on H11), also using the HIFI instrument
on Herschel Space Observatory. They explained this emission
using the physical model from Thi et al. (2010) to calculate the
amount of water that can be produced by photodesorption from
a hidden reservoir of water in the form of ice on dust grains
(Bergin et al. 2010; van Dishoeck et al. 2014). Their model over-
estimates the total line flux by a factor of 3–5. They explore dif-
ferent ways to reduce the amount of water flux and conclude that
settling of large icy grains is the only viable way to fit the data.
Here, we re-derive estimates of the amount of water vapor,
using an updated estimate of the disk gas mass and consider-
ing the e↵ect of a more compact distribution of millimeter-size
grains, due to radial drift, as well as settling. These dust pro-
cesses are relevant for the molecular abundance of water because
they can potentially move the bulk of the ice reservoir away from
regions where photodesorption is e↵ective. Simultaneously, we
estimate the amount of NH3 using the detection of ammonia in
the Herschel spectra, and derive constraints on the NH3/H2O ra-
tio in the disk gas, assuming that NH3 and H2O are co-spatial.
We also estimate the amount of N2H+ and compare it to the
amount of NH3 using a simple parametric model. Section 2
presents our data and their reduction. Section 3 contains our
modeling approach and Section 4 the resulting ammonia and wa-
ter vapor masses. Section 5 discusses the validity of our models
and compares these predictions to standard values. Finally sec-
tion 6 summarizes our conclusions.
2. Observations
Observations of TW Hya (↵2000 = 11h01m51.s91,  2000 =
 34 42017.000) were previously presented by H11 and obtained
using the Heterodyne Instrument for the Far-Infrared (HIFI)
as part of the Water in Star-Forming Regions with Herschel
(WISH) key program (van Dishoeck et al. 2011). We now
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Fig. 1: Observed spectra of (a) ortho-NH3 10   00, ortho-H2O
110   101 (earlier presented by H11), and (b) N2H+ 6–5, us-
ing Herschel WBS. The dashed line shows the continuum-
subtracted spectral baseline. The o-H2O and o-NH3 lines are ob-
served in opposite sidebands, causing the o-H2O to show up at a
velocity of  14 km s 1 in panel (a).
present observations taken on 2010 June 15 of the NH3 10   00
line at 572.49817 GHz simultaneously with o-H2O at 556.93607
GHz using receiver band 1b and a local oscillator tuning of
551.895 GHz (OBS-ID 1342198337). We also present the de-
tection of N2H+ 6–5 at 558.96651 GHz in the same spectrum.
With a total on-source integration of 326 min, the observation
was taken with system temperatures of 360–400 K. The data
were recorded in the Wide-Band Spectrometer (WBS) which
covers 4.4 GHz with 1.1 MHz resolution. This corresponds to
0.59 km s 1 at 572 GHz. The data were also recorded in the
High-Resolution Spectrometer (HRS) which covers 230 MHz at
a resolution of 0.25MHz resulting in 0.13 km s 1 at the observed
frequency of the NH3 10   00 line. The calibration procedure is
identical to the one of H11, but employs an updated beam e -
ciency of ⌘mb = 0.635 and a HPBW of 36.001 1 increasing the re-
ported water line fluxes by about 17% with respect to the values
1 HIFI-ICC-RP-2014-001 on
http://herschel.esac.esa.int/twiki/bin/view/Public/HifiCalibrationWeb
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Depletion of volatiles
•  CO, C, and H2O depleted in many disks 
• TW Hya in particular 
• Locked up in the midplane
M. Kama et al.: A survey of CO and [C i] in protoplanetary disks
Fig. 1. Fluxes and upper limits (at 3  confidence) from our APEX observations of the [C i] 1 0 and 2–1 and the CO6 5 transitions. Large circles
indicate sources with a detection on at least one axis. Empty symbols mark sources for which only the [C i] 1 0 line was observed. CO6 5
and [C i] 2 1 were always observed in parallel. Colours show the stellar e↵ective temperature: late-type stars are red and early-type stars blue.
The black line connects fiducial disk models from Sect. 4 for the stellar spectral type range of our observations (diamonds from red to blue,
Te↵ 2 [4000, 12 000]K in steps of 2000K, assumed distance 140 pc).
conversion and main beam e ciency at 650 GHz are 57 JyK 1
and 0.53, respectively. At 812 GHz, they are 70 JyK 1 and 0.43.
At 491 GHz, the conversion factor is 49 JyK 1 and ⌘mb = 0.59.
All sources and flux values from our survey are listed in
Table 1 and shown in Fig. 1, including the detections of [C i] 1 0
towards TW Hya and HD 100546. The spectra are presented in
Fig. 2, and an example of extended emission in Fig. 3.
2.3. Complementary data
To complement our [C i] 1 0 data for HD 142527, the CO6 5
and [C i] 2 1 lines from Casassus et al. (2013) are included in
Table 1. We also use observations of the [C ii] J = 3/2–1/2
transition at 158 µm towards a number of disks, obtained with
the Herschel/PACS low-resolution spectrometer by the GASPS
(Thi et al. 2010; Meeus et al. 2012; Dent et al. 2013; Howard
et al. 2013) and DIGIT (Fedele et al. 2013b) key programmes.
3. Observational results
The APEX spectra of 37 disks are shown in Fig. 2 and the mea-
surements are summarized in Table 1. Not all lines were ob-
served towards all disks. Emission in the CO6 5 line was de-
tected (observed) towards 13 (33) sources; the corresponding
numbers are 6 (12) for the [C i] 1 0 line and 1 (33) for the
[C i] 2 1 line. When considering detections and upper limits,
sources of all spectral types cover a similar range in line flux,
although the CO and [C i] detections towards Herbig disks are
typically a factor of a few stronger than towards T Tauri disks.
The CO6 5 lines are single-peaked and narrow, except for
three sources which show wide, double-peaked lines. The first is
HD 100546, where the line displays the same blue-over-red peak
asymmetry seen in lower-J CO observations (e.g. Panic´ et al.
2010, where the CO 6–5 line was also previously shown). The
second is HD 97048, which has a filled-in line centre suggestive
of a non-disk emission component. The third is IM Lup, a very
large T Tauri disk (van Kempen et al. 2007; Panic´ et al. 2009).
The CO6 5 line has been observed towards a number of disks.
The upper limit obtained by van Zadelho↵ et al. (2001) towards
TW Hya lies 30% above the detection reported in Table 1. A
comparison of the six overlapping sources with Thi et al. (2001)
shows good consistency, with APEX yielding improved upper
limits and detections. In the case of GM Aur, our upper limit
lies a factor of 1.5 below the detection from 2001, but is within
its errorbars. The CO6 5 flux detected towards HD 142527 by
Casassus et al. (2013), 1.5± 0.9 K km s 1, is roughly in the mid-
dle of the range of values across our entire sample. The val-
ues reported for HD 100546 and HD 97048 in the much larger
Herschel/SPIRE beam by van der Wiel et al. (2014) are also con-
sistent with our detections.
In most sources where [C i] emission is detected, the emis-
sion is extended or contaminated by the reference position. The
exceptions are HD 100546 and TW Hya. These two are the first
two unambiguous detections of [C i] in protoplanetary disks,
with a T?A line flux of 0.49 K km s
 1 (S/N = 10) towards
HD 100546 and 0.05 Kkm s 1 (S/N = 3) towards TW Hya.
Gaussian fit parameters for both detections are given in Table 2.
We also detect a strongly asymmetric double-peaked line to-
wards HD 97048. This detection likely has a disk contribution,
but it is di cult to quantify because of contamination that a↵ects
the line centre. The [C i] 1 0 line is detected towards Oph IRS 48
(also known as WLY 2-48), but the line profile is asymmetric,
with emission redshifted from the rest velocity of 4.6 km s 1 and
absorption on the red side. The disk contribution, therefore, can-
not be determined at the moment.
The [C i] transitions have recently been surveyed with
Herschel/SPIRE by van der Wiel et al. (2014), who report no
firm detections. Generally, the [C i] 1 0 limits from APEX have
better sensitivity than SPIRE, while SPIRE provides deeper lim-
its to the 2–1 line. However, SPIRE could not spectrally or
spatially resolve disk emission. Its beam at 809GHz was 2600,
compared to 800 for APEX. The tentative SPIRE detection of
[C i] 2 1 for HD 100546 lies within errorbars of our upper limit,
A108, page 3 of 15
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• Deuterated molecules are enriched in cold gas 
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DCO+ is not as much a CO snow line 
tracer as it is an ionization tracer (cf. 
Teague et al. 2015; Guilloteau et al. 
2016 for HCO+, DCO+)
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• Deuterated molecules are enriched in cold gas 
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• CH3+ + HD <—> CH2D+ + H2 
• … + O —> DCO+ + … 
• … + N —> DCN + …
Deuteration
Salinas et al. (in prep)
DCN in HD163296
see also Öberg et al. (2012)
HD163296
Organics
• Simple organics are being detected in disks 
• HC3N and CH3CN in MWC480 
• H2CO across the disks of DM Tau, TW Hya, HD163296 Öberg et al. (2015)
Loomis et al. (2015)
See also: HC3N, Chapillon et al. (2012)
Qi et al. (2013)
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Fig. 1.— H2CO and N2H+ observations toward TW Hya and HD 163296 with the SMA.
The emission toward TW Hya is centrally peaked, while there is a clear oﬀset in the H2CO
emission toward HD 163296. The first two contour levels are 3 and 5σ, with 1σ measured
to be 0.10 (H2CO 4–3), 0.13 (H2CO 5–4), and 0.36 (N2H+) Jy km s−1 per beam toward
TW Hya, and 0.06 (H2CO 3–2), 0.17 (H2CO 4–3), and 0.13 (N2H+) Jy km s−1 per beam
toward HD 163296.
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HD163296
MWC 480
• Simple organics are being detected in disks 
• HC3N and CH3CN in MWC480 
• H2CO across the disks of DM Tau, TW Hya, HD163296
Organics
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Fig. 2: Channel maps of H2CO 303–202 from 1.6–9.58 km s 1 in steps of 0.42 km s 1 (5⇥ native resolution). Channel velocity is
shown in the upper-right corner. Synthesized beam and AU scale are shown in the lower-left panel.
depth rather than an actual drop in abundance. They use C18O as
a more robust, optically thin tracer of the column density of CO
throughout the disk. Following this reasoning, we model only
the C18O to reveal midplane structure in the CO gas.
Fig. 4: Matched filter responses of the observed H2CO lines
to the H2CO 303–202 data-based kernel. Self-response (black)
shows kernel recovery of the 303–202 detection. Inset: H2CO
322–221 (red) and H2CO 321–220 (blue) are detected at the 4.5 
and 5  level, respectively.
This section describes the models used to reproduce the ob-
served H2CO 303–202 and C18O 2–1 emission based on the HD
163296 disk model created by (Qi et al. 2011). In their paper they
constrain the radial and vertical density and temperature struc-
ture of a steady viscous accretion disk with an exponentially-
tapered edge. Fitting the model continuum at multiple wave-
lengths to the observed SED constrained the radial structure.
Observations of multiple optically thick 12CO transitions were
used to constrain the vertical structure. Their model was used as
the underlying disk structure for simulating molecular emission
in this work using the LIne Modeling Engine (LIME, Brinch &
Hogerheijde 2010) 3D radiative transfer code. Synthesized data
cubes were created with LIME for H2CO 303–202 and C18O 2–1
in non-LTE with H2 as the primary collision partner. Both ortho-
and para-H2 species were included in collisional excitation, with
a temperature-dependent ortho- to para- ratio (OPR) such that
OPR = 3 at temperatures  200 K and decreases exponentially
at lower temperatures. Molecular collision rates are taken from
the Leiden Atomic and Molecular Database (LAMDA, Schoeier
et al. 2005). The inner and outer radii of the physical disk mod-
els are set to RC18Oin = 0.1 AU, R
H2CO
in = 3.0 AU, and Rout = 600
AU. The disk inclination, position angle, and distance are set to
i = 44.0 , P.A. = 133.0 , and d = 122 pc.
Four (three) types of models are used to test the distribution
of observed H2CO 303–202 (C18O 2–1) with di↵ering abundance
profiles relative to H2. The first model assumes a constant abun-
dance constrained to low temperatures where H2CO formation
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Carney et al. (in prep):  
• H2CO 32-22 detected via matched filtering 
(Loomis et al., in prep) 
• additional reservoir of H2CO outside ~300 au: 
UV photodesorption?
Carney, M. T. et al.: ...
on the surface of icy grains is favorable (Section 3.2.1). The
low-temperature model is not used for C18O 2–1. In the sec-
ond model, H2CO 303–202 and C18O 2–1 are present throughout
the disk with a power-law abundance profile (Section 3.2.2). A
third model has a two-phase temperature step-abundance pro-
file that is determined by the physical disk temperature, with
a constant inner (high-temp) abundance, a constant outer (low-
temp) abundance, and a specified critical temperature Tc acting
as the boundary (Section 3.2.3). The final model has a radial
step-abundance profile with a constant inner abundance, constant
outer abundance, and a critical radius Rc at which the abundance
changes (Section 3.2.4). Analysis of the models makes use of the
miriad command ellint, which determines an azimuthally aver-
aged intensity over elliptical annuli to obtain an intensity versus
radius curve. The spatially-integrated model spectrum over the
entire disk was also fit to the data.
All models except the low-temperature abundance profile
have an H2CO 303–202 abundance inner radius, Rin = 50 AU. Rin
was constrained for H2CO by varying the inner radius of a con-
stant abundance model to determine the best fit to the inner 150
AU of the radial intensity curve. Thereafter, Rin remains a fixed
parameter in the models. C18O 2–1 has no such inner radius in
the models as it is centrally peaked.
Each LIME model was continuum-subtracted and convolved
with a Gaussian beam of 0.5400 ⇥0.4200 (H2CO) or 0.8700 ⇥0.7100
(C18O). Moment 0 integrated intensity maps are created over ve-
locity channels showing emission in the original data images.
Goodness of fit for each model was determined by the sum of the
 2 value for the radial intensity curve of the moment 0 map and
the disk-integrated spectrum. To determine which model best re-
produces the shape of these curves and thus a global estimate
of the H2CO 303–202 and C18O 2–1 distribution, the synthesized
cubes, intensity-radius curves, and spectra are all initially nor-
malized when comparing the model to the data. When a best-fit
normalized model is found, the abundance is then constrained by
comparing absolute flux values between the model and the data
for di↵erent abundances.
Table 2: HD 163296 Best-Fit Normalized Intensity-Radius
Models
H2CO 303–202
Abundance Model p Tc [K] Rina [AU] Rc [AU] Xin/Xout  2int
Low-temperature – 30 – 38† – 1.53
Power-law 0 – 50 – – 1.63
Temperature step – 16 50 155† 0.5 1.25
Radial step – 12† 50 290 0.5 1.22
C18O 2–1
Abundance Model p Tc [K] Rina [AU] Rc [AU] Xin/Xout  2int
Power-law -1 – 0.1 – – 11.56
Temperature step – 24 0.1 60† 1000 3.22
Radial step – 13† 0.1 230 10 4.50
Notes.  2 values are reduced by the number of points and free parame-
ters in each model. (a) Fixed parameter. (†) Indicates the corresponding
midplane value to the best-fit model parameter based on the density and
temperature structure of the Qi et al. (2011) model.
3.2.1. Low-temperature abundance model
First we tested the scenario in which H2CO is likely to be present
solely due to grain surface chemistry in low-temperature regions
below the expected CO freezeout temperature. The models used
a constant abundance relative to H2, constrained by a threshold
temperature. Above the threshold temperature the H2CO abun-
Fig. 5: Normalized intensity-radius curves obtained from ellip-
tical integration of an inclined, azimuthally symmetric object.
H2CO 303–202 and C18O 2–1 data are compared with best-fit nor-
malized models for each scenario mentioned in Section 3.2. The
low-temperature model (dot-dashed cyan), the power-law model
(dotted blue), the temperature step-abundance model (dashed
red), and the radial step abundance model (solid gold) show the
radial distrubution. Parameters for each model can be found in
Table 2.
dance was set to zero everywhere. Based on estimates of CO
freezeout temperatures from Qi et al. (2015), threshold tempera-
tures explored in this model range from 14–34 K in steps of 2 K.
An H2CO abundance of X = 1.0 ⇥ 10 12 was chosen to ensure
that the model emission remains optically thin throughout the
disk. Below the given threshold temperature gas-phase H2CO
was allowed to exist everywhere. It is assumed that there is a
mechanism to stimulate su cient desporption of H2CO from the
icy grains, such as X-ray photodesorption or cosmic rays pene-
trating the disk midplane.
The best fit for a normalized low-temperature abundance
model for H2CO has a threshold temperature of 30 K, corre-
sponding to a midplane radius of 38 AU. Seen in Figure 5, the
model radial intensity curve reproduces the inner peak seen in
the data at ⇠100 AU well, but fails to capture the enhancement
seen in the outer disk beyond ⇠300 AU.
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Fig. 1.— Channel maps for the stacked observed B7 CH3OH line emission. The synthesized beam
is in the bottom left-hand panel. The white contours show the 3 and 4  levels for the CH3OH data
and the gray contour shows the 3  extent of the 317 GHz continuum. The black cross denotes the
stellar position, and the dashed gray lines show the disk major and minor axes.
hence, methanol should reside on grains throughout most of the disk (T . 100 K). A small fraction
of methanol can be released at low temperatures via non-thermal desorption which is triggered by
energetic photons or particles or by energy released during exothermic chemical reactions (reactive
desorption, e.g., Garrod et al. 2006). The rates for such processes remain relatively unconstrained
except for a small set of molecules and reaction systems (e.g., Westley et al. 1995; O¨berg et al. 2009b;
• Simple organics are being detected in disks 
• HC3N and CH3CN in MWC480 
• H2CO across the disks of DM Tau, TW Hya, HD163296
Organics
Walsh et al. (in press) 
• (stacked) CH3OH detected in TW Hya 
• see talk by Nomura
TW Hya
Gaps
• Fair fraction of disks are transitional: large (dust) gaps 
• (Reduced amount of) gas fills the gaps 
• Photodissociation effects?
Perez et al. (2015) van der Marel et al. (2015)
see also Carmona et al. (2014), 
Bruderer et al. (2014), …
A&A 579, A106 (2015)
Fig. 1. ALMA observations of the continuum and 12CO line. The first five disks show the 690 GHz (440 µm) continuum and the 12CO J = 6–5 line,
the sixth is the 345 GHz (880 µm) continuum and 12CO J = 3–2 line. Left: continuum image. The stellar position is indicated by a white star, the
white bar in the upper right corner indicates the 30 AU scale, and the yellow contour gives the 3σ detection limit. The colorbar units are given
in Jy beam−1. Center: zero-moment 12CO map. The colorbar units are given in Jy beam−1 km s−1. Right: 12CO spectrum integrated over the entire
disk. The dashed line indicates the zero flux level, and the gray areas indicate the parts of the spectrum aﬀected by foreground absorption (seen in
SR21 and SR24S). The beam is indicated in each map by a white ellipse in the lower left corner.
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A ringed concentration of mm-grains in Sz 91 L31
Figure 1. Left: cleaned continuum image at Band-7 (870 µm). The dotted cross shows the disc’s centre and major/minor axis derived in Section 3.1. White
lines contour the 12CO integrated intensity (Moment-0) map at (2.5, 15, 31) × rms (22.7mJy beam−1km s−1), highlighting that the 12CO emission is detected
much further out than the continuum emission. The 12CO emission peaks inside the ring’s hole, at ∼60 au. The asymmetric profile is a consequence of the
cloud contamination (see the text). Right: 12CO velocity field (Moment-1) map. The white lines contour the 10 × rms (0.1 mJy) of the continuum emission.
The synthesized beam of the continuum and 12CO observations is shown in the bottom-left corner of the left and right figures, respectively.
emission at vLSRK > 3.8 km s−1, which translates to a reduced
flux in the red-shifted side of the 12CO line (previously noticed by
Tsukagoshi et al. 2014, C2015). The blue-shifted side, unaffected
by the cloud, shows 12CO emission up to ∼2.44 arcsec (∼488 au)
from the disc’s centre, and peaks at 60 ± 12 au, inside the hole of
the ring and near the cavity edge observed at Ks band (Tsukagoshi
et al. 2014).
3.3 Surface brightness profile of mm emission
To derive further constraints on the ring geometry, we use the bright-
ness profile along the major axis of the ring. We find that the emis-
sion is concentrated in a narrow ring between ∼60 and ∼150 au
from the central star, with the peak emission at ∼110 au (Fig. 2).
Averaging the emission in ellipsoids which have the same inclina-
tion and PA as the disc provides the same results. We then fit three
different brightness profiles to the surface brightness profile along
the major axis: a Gaussian, a constant (hat-like), and a power-law
with exponent −1.0. We vary the widths and central positions of
these profiles, and convolve them with a Gaussian function of full
width at half-maximum (FWHM) = 0.16 arcsec (i.e. equal to the
FWHM of the continuum synthesized beam along the disc’s major
axis) to compare with the observations. We then perform a Monte
Carlo Markov Chain (MCMC) exploration to identify the best fit to
the observations. We find that a Gaussian profile centred at 110.5
± 0.3 au and with 1σ width of 22.2 ± 0.5 au results in the best fit
to our observations, with reduced χ2ν = 1.27 (Fig. 2). For compari-
son, the hat-like and the power-law distribution result in χ2ν = 1.61
and χ2ν = 2.39, respectively. Our best fit implies that 95.5 per cent
of the dust probed by our Band-7 observations is located within
88–132 au.
Figure 2. Cut along major axis of the Band-7 continuum disc. Error bars
represent the rms of the observations; the peak is detected with a signal
to noise of S/N∼22. Positive distance points to the north direction, and
negative distance to the south direction. The ring has same width and peak
values along the northern and southern sides. Inside the hole, there is an
small excess (!3σ ) of emission along the northern side when compared to
its southern counterpart. The solid curve represents the best fit described in
Section 3.3.
4 D ISCUSSION
The ALMA Cycle-2 observations presented here have much higher
sensitivity and spatial resolution than previous observations. They
reveal two striking features: (1) there is a large difference between
the outer disc radius of the large grains and the 12CO disc, and
(2) the large grains are concentrated in a narrow, ring-like structure.
The difference in the outer edges of the gaseous and continuum
MNRASL 458, L29–L33 (2016)
 at Leiden University on M
ay 11, 2016
http://mnrasl.oxfordjournals.org/
Downloaded from 
Ca ovas et al. (2016)
The Astrophysical Journal, 798:85 (12pp), 2015 January 10 Perez et al.
Figure 1. Moment maps carbon monoxide isotopologues 12CO, 13CO and C18OJ = 2–1. North is up, east is left. Left: moment zero; continuum subtracted integrated
line emission, considering flux contribution from all channels from −0.8 to +7.8 km s−1, in units of Jy beam−1 km s−1. Continuum at 230 GHz is shown in contours.
The 12CO map shows the large extent of the molecular line emission, the north–south asymmetry is due to foreground absorption. 13CO and C18O show a central
cavity. The noise level for all intensity maps is about 1σ = 11 mJy per beam. Center: first moment showing the velocity map. Right: second moment, showing the
velocity dispersion of the emitting gas. Color scale is linear. The coordinates origin is set to the center of the disk and it is marked with a cross. The synthesized beam
is shown in the lower left corner. The dashed ellipse in the moment 2 map is a fit by inspection of the dust-continuum horseshoe border. The ellipse shows that there
is a difference in dispersion of the gas under the horseshoe, with respect to the south counterpart of the disk.
as previously reported in Casassus et al. (2013b) at 345 GHz. The
contours delineate the dust-depleted cavity, with a radius of∼1′′
and a contrast of ∼25 between the northeastern maximum and
the southwestern minimum, slightly shallower than the contrast
of 30 reported at 345 GHz (Casassus et al. 2013b; Fukagawa
et al. 2013). The 13CO integrated intensity map (Figure 1) shows
a disk cavity and a bright outer disk. The outer disk is at least
a factor of two brighter than the inner cavity in 13CO. This is a
lower limit since the gap edge is naturally convoluted with the
CLEAN beam, smoothing out the sharpness of the gap wall.
The velocity dispersion map of 12CO shows an increment
in the width of the emission line profile under the horseshoe-
shaped continuum (see dashed ellipse in Figure 1 upper right).
This wider emission line can also be seen in the 13CO dispersion
map (middle right panel), which is less affected by foreground
absorption.
3
Sz91
HD142527
Inheritance
• Models of disk chemistry: 
• gas-phase & grain-surface formation; full or reduced networks  
• freeze out & evaporation 
• photodesorption by UV 
• ionization by UV, CR, X-rays, short-lived radionuclides 
• steady state, time dependent, or fully coupled with hydrodynamic solution 
and/or grain evolution
E.g., van Zadelhoff et al. 2003; Jonkheid et al. 2007; Aikawa et 
al. 2002, 2006, 2015; Fogel et al. 2011; Semenov et al. 2010, 
2011; Woitke et al. 2010, 2016; Willacy et al. 2007, 2009; Walsh 
et al. 2010, 2012, 2013, 2014, 2015; …
C. Walsh et al.: Complex organic molecules in protoplanetary disks
Fig. 6. Fractional abundance of gas-phase molecules with respect to total H nuclei number density as a function of disk radius, R, and height, Z.
radius to that for water ice (≈2 AU). s-HCOOH, s-NH2CHO,
s-HCOOCH3, and s-HOCH2CHO also possess high binding
energies (!4000 K); however, these species have snow lines
at ≈5 AU. Within 5 AU, the dust temperature is >70 K and
radical-radical association reactions are more important than
atom-addition reactions due to the fast desorption rates of atoms
at these temperatures. Grain-surface species which depend
on atom-addition routes to their formation are not formed
as eﬃciently on warm grains. For example, s-HCOOCH3 is
formed either via the hydrogenation of s-COOCH3 or via the
reaction between s-HCO and s-CH3O. These latter two species,
in turn, are formed via hydrogenation of s-CO on the grain.
s-CH3O is also formed via the photodissociation of s-CH3OH
by cosmic-ray-induced photons. The radical-radical formation
routes of s-HCOOH, s-NH2CHO, and s-HOCH2CHO all rely
on the formation of s-HCO which, in turn, is formed mainly via
the hydrogenation of s-CO. In contrast, at warmer temperatures,
s-CH3OH can eﬃciently form via the association of s-CH3
and s-OH rather than via the hydrogenation of s-CO. Both
these radicals can form in the gas and accrete onto grains,
or they are formed via the cosmic-ray induced photodisso-
ciation of grain-mantle molecules. A similar argument holds
for s-CH3CN (s-CH3 + s-CN), s-CH3CCH (s-C2H3 + s-CH),
s-CH3NH2 (s-CH3 + s-NH2), s-C2H5OH (s-CH3 + s-CH2OH),
s-CH3COOH (s-CH3 + s-CH3CO). s-CH2OH and s-CH3CO
also have radical-radical association formation routes, i.e.,
s-CH2 + s-OH and s-CH3 + s-CO.
A33, page 15 of 35
The Astrophysical Journal Supplement Series, 196:25 (37pp), 2011 October Semenov & Wiebe
0
1
2
3
4
5
 
-12
-12
 
 
 
 
 
 
-12
-12
 
 
 
 
 
 
-12
-12
-
10
-10
CS
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
lo
g 1
0N
(C
S)
, c
m
-
2
0
1
2
3
4
5
 
-12
-12
 
 
 
 
 
 
-12-12
 
 
 
 
 
 
-12
-12
-
10
C2S
10.0
11.0
12.0
13.0
14.0
15.0
lo
g 1
0N
(C
2S
), c
m-
2
0
1
2
3
4
5
 
-12
 
 
 
 
 
 
-
12
 
 
 
 
 
 
-12
-
12
C2S (ice)
9.0
10.0
11.0
12.0
13.0
14.0
lo
g 1
0N
(C
2S
 (i
ce
)),
 cm
-
2
0
1
2
3
4
5
 
-12
-12
-10
-10
 
 
 
 
 
 
-12
-12
-10
-10
 
 
 
 
 
 
-12
-
10
-10
C3S (ice)
11.0
12.0
13.0
14.0
15.0
16.0
17.0
lo
g 1
0N
(C
3S
 (i
ce
)),
 cm
-
2
0
1
2
3
4
5
 
-12
-12
 
 
 
 
 
 
-12
-12
 
 
 
 
 
 
-12
-12
H2S
12.0
12.5
13.0
13.5
14.0
lo
g 1
0N
(H
2S
), c
m
-
2
0
1
2
3
4
5
 
-12
 
 
 
 
 
 
-12
 
 
 
 
 
 
-12
-12
OCS
10.5
11.0
11.5
12.0
12.5
13.0
lo
g 1
0N
(O
CS
), c
m
-
2
10 100
R, AU
0
1
2
3
4
5
z/
H
r
-12
-12
10 100
 
 
 
 
 
 
 
-12
-12
10 100
 
 
 
 
 
 
 
-12
-12
-10
H2CS
10 100
 
0D
2D/100
2D
11.5
12.0
12.5
13.0
13.5
14.0
lo
g 1
0N
(H
2C
S)
, c
m
-
2
10 100
R, AU
0
1
2
3
4
5
z/
H
r
-12
-10
10 100
 
 
 
 
 
 
 
-12-10
10 100
 
 
 
 
 
 
 
-12
-12
-10
-10
SO2
10 100
 
0D
2D/100
2D
9.0
10.0
11.0
12.0
13.0
14.0
lo
g 1
0N
(S
O 2
), c
m-
2
Figure 11. Same as in Figure 7 but for the S-containing species. Results are shown for CS, C2S, C2S ice, C3S ice, H2S, OCS, H2CS, and SO2.
(A color version of this figure is available in the online journal.)
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Figure 12. Same as in Figure 7 but for the complex (organic) molecules. Results are shown for HCOOH, HCOOH ice, CH3OH, HNCO, HNCO ice, CH3CHO,
CH3CHO ice, and CH2CO.
(A color version of this figure is available in the online journal.)
ionization degree calculated with the laminar and the mixing
models. The global ionization structure has a layered pattern
similar to that of photon-dominated regions (PDRs; see also,
e.g., Semenov et al. 2004; Bergin et al. 2007; Ro¨llig et al.
2007): (1) heavily irradiated and ionized, hot atmosphere where
the dominant ions are C+ and H+, (2) partly UV-shielded, warm
molecular layer where carbon is locked in CO and major charged
species are X-ray-produced H+ and polyatomic ions like HCO+
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Figure 11. Same as in Figure 7 but for the S-containing species. Results are shown for CS, C2S, C2S ice, C3S ice, H2S, OCS, H2CS, and SO2.
(A color version of this figure is available in the online journal.)
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Figure 12. Same as in Figure 7 but for the complex (organic) molecules. Results are shown for HCOOH, HCOOH ice, CH3OH, HNCO, HNCO ice, CH3CHO,
CH3CHO ice, and CH2CO.
(A color version of his figure is available in th on ine journal.)
ionization degree calculated with the laminar and the mixing
models. The global ionization structure has a layered pattern
similar to that of photon-dominated regions (PDRs; see also,
e.g., Semenov et al. 2004; Bergin et al. 2007; Ro¨llig et al.
2007): (1) heavily irradiated and ionized, hot atmosphere where
the dominant ions are C+ and H+, (2) partly UV-shielded, warm
molecular layer where carbon is locked in CO and major charged
species are X-ray-produced H+ and polyatomic ions like HCO+
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Semenov & Wiebe (2011); Walsh et al. (2014)
Inheritance
• Models of disk chemistry: 
• gas-phase & grain-surface formation; full or reduced networks  
• freeze out & evaporation 
• photodesorption by UV 
• ionization by UV, CR, X-rays, short-lived radionuclides 
• steady state, time dependent, or fully coupled with hydrodynamic solution 
and/or grain evolution
A&A 534, A132 (2011)
The evaporation of the last of the NH3 ice at R = 50 AU
eliminates this channel and the NO gas abundance decreases to
3 × 10−9 at point C. NO is now mainly sustained by the reac-
tion between OH and N. As described above, the OH abundance
drops sharply at R = 17 AU, and the NO abundance follows suit.
The final abundance at point D is ∼10−14.
The last nitrogen-bearing species from Fig. 2 is atomic N it-
self. It starts at an abundance of 1 × 10−7 and slowly freezes
out to an abundance of 2 × 10−8 just before reaching point A.
At point A, N2 evaporates and is partially converted to N2H+.
The dissociative recombination of N2H+ mostly reforms N2, but
it also produces some NH and N. The N abundance jumps back
to 1 × 10−7 and remains nearly constant at that value until the
parcel reaches point B, where NO evaporates and reacts with N
to produce N2 and O. This reduces x(N) to a low of 5 ×10−10 be-
tween points B and C. Moving in further, the parcel gets exposed
to the stellar UV field, and NO and NH3 are photodissociated to
bring the N abundance to a final value of 5 × 10−6 relative to
nH. As such, it accounts for 22% of all nitrogen at the end of the
collapse.
5.2. Other parcels
At the end of the collapse (t = tacc = 2.52 × 105 yr), the parcel
from Sect. 5.1 (hereafter called our reference parcel) is located
at R = 6.3 AU and z = 2.4 AU, about 0.2 AU below the sur-
face of the disk. As shown in Fig. 3, its trajectory passes close to
the outflow wall, through a region of low extinction. This results
in the photodissociation or photoionisation of many species. At
the same time, the parcel experiences dust temperatures of up to
150 K (Fig. 2), well above the evaporation temperature of H2O
and all other non-refractory species in our network. Material that
ends up in other parts of the disk encounters diﬀerent physical
conditions during the collapse and therefore undergoes a diﬀer-
ent chemical evolution. This subsection shows how the absence
or presence of some key chemical processes, related to certain
physical conditions, aﬀects the chemical history of the entire
disk. Table 3 lists the abundances of selected species at four
points in the disk at tacc.
5.2.1. Oxygen chemistry
The main oxygen reservoir at the onset of collapse is H2O ice
(Sect. 4). Its abundance remains constant at 1 × 10−4 in our
reference parcel until it gets to point C in Fig. 3, where it evap-
orates from the dust and is immediately photodissociated. When
the parcel enters the disk, some H2O is reformed to produce
final gas-phase and solid abundances of ∼10−8 relative to nH
(Sect. 5.1.1).
Figure 4 shows the disk at tacc, divided into seven zones ac-
cording to diﬀerent chemical evolutionary schemes for H2O. The
fraction of the disk mass in each zone is indicated. The material
in zone 1 (61% of the disk mass) is the only material in the disk
in which H2O never evaporates during the collapse, because the
temperature never gets high enough. The H2O ice abundance is
constant throughout zone 1 at tacc at ∼1 × 10−4. For the material
ending up in the other six zones, H2O evaporates at some point
during the collapse phase. Zone 2 (1.0%) contains our reference
parcel, so its H2O history has already been described. The total
H2O abundance (gas and ice combined) at tacc is ∼10−8 at the top
of zone 2 and ∼10−6 at the bottom. The gas-ice ratio goes from
∼1 at the top to ∼10−6 at the bottom.
Table 3. Abundances of selected species (relative to nH) and physical
conditions at t = tacc at four positions in the disk (two on the midplane,
two at the surface).
Species R = 6 AU R = 24 AU R = 6 AU R = 24 AU
z = 0 AU z = 0 AU z = 2 AU z = 6 AU
H2O 5(–7) 1(–12) 1(–8) 4(–9)
H2O ice 1(–4) 1(–4) 7(–8) 8(–5)
O2 1(–6) 6(–8) 1(–7) 1(–5)
O2 ice <1(–12) <1(–12) <1(–12) <1(–12)
O 1(–6) 1(–6) 1(–4) 8(–7)
OH 2(–11) <1(–12) <1(–12) 9(–10)
CO 7(–5) 7(–5) 8(–5) 6(–5)
CO ice <1(–12) <1(–12) <1(–12) <1(–12)
CH4 7(–8) 1(–7) 2(–9) 1(–5)
CH4 ice <1(–12) <1(–12) <1(–12) <1(–12)
HCO+ 1(–12) 5(–11) 3(–12) 4(–12)
C <1(–12) <1(–12) 9(–12) <1(–12)
C+ <1(–12) <1(–12) <1(–12) <1(–12)
N2 1(–5) 1(–5) 1(–5) 5(–6)
N2 ice <1(–12) <1(–12) <1(–12) <1(–12)
NH3 5(–10) 2(–10) 4(–10) 8(–6)
NH3 ice <1(–12) 5(–9) <1(–12) 5(–8)
NO 1(–8) 5(–10) <1(–12) 6(–6)
NO ice <1(–12) <1(–12) <1(–12) <1(–12)
N2H+ <1(–12) <1(–12) <1(–12) <1(–12)
N 5(–11) 1(–9) 5(–6) 4(–11)
nH (cm−3) 5(12) 8(11) 5(11) 4(10)
Td (K) 107 76 96 74
H2O zonea 7 7 2 1
CH4 zonea 5 5 2 1
NH3 zonea 8 8 5 2
Notes. (a) The zones from Figs. 4, 7 and 9 in which each position is
located.
Fig. 4. Schematic view of the history of H2O gas and ice throughout the
disk. The main oxygen reservoir at tacc is indicated for each zone; the
histories are described in the text. The percentages indicate the fraction
of the disk mass contained in each zone. Note the disproportionality of
the R and z axes. The colours have no specific meaning other than to
distinguish the diﬀerent zones.
The H2O history of zone 3 (4.7%) is the same as that of zone
2, except that it finishes with a gas-ice ratio larger than unity. In
both cases H2O evaporates and is photodissociated prior to en-
tering the disk (point C in Fig. 3), and it partially reforms inside
the disk (point D). Parcels ending up in zone 4 (0.4%) also expe-
rience the evaporation and photodissociation of H2O. However,
the low extinction against the stellar radiation in zone 4 prevents
H2O from reforming like it does in zones 2 and 3.
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• How about initial conditions? 
• How much of the chemistry is inherited 
from the ISM, protostellar phase? 
• How much is reprocessed during star /disk 
formation, esp. ices/volatiles 
• Influence of episodic heating?
O as H2O-ice
O as H2O-gas
atomic O
7 distinct chemical 
histories
Inheritance
• Tracers of embedded disks 
• e.g., L1527 
• c-C3H2 shows rotation & 
infall: envelope 
• SO shows solid-body 
rotation: accretion shock at 
centrifugal barrier 
• Alteration of ice/gas at point of 
entry into the disk
Sakai et al. (2014)
Disks in 2016
• So far, disk structure taken from SED modeling 
• Radial, vertical gradients in density and temperature 
• Freeze out & snow lines, deuteration, photodesorption… 
• (Large) gaps in transitional disks 
• Often seen to be filled with (reduced amounts of) gas 
• Accretion shocks at centrifugal barrier of forming disks 
• HL Tau, TW Hya (how general?) 
• Disks are series of rings, gaps, wiggles 
• Traced in millimeter-sized grains 
• Underlying gas surface density distribution? 
• Associated distribution of µm-sized grains (⇔UV, ionization)?
ALMA Partnership, Brogan et al. (2015); Andrews et al. (2016)
TW Hya
HL Tau
ALMA
• This talk has been ALMA-centric 
• Great progress in the last few years, and many exciting 
results to come 
• Fundamental limitation 
• Sensitivity to small-scale structure in thermal continuum 
will always be larger than to small-scale structure in gas 
emission lines 
• Weak lines require very good bandpass calibration and 
very accurate continuum subtraction 
• Inner, densest regions become optically thick in dust 
continuum at all/many ALMA wavelengths 
• Other ways to probe gas in (inner) disks 
• Long-slit spectroscopy 
• MATISSE 
• JWST
Image credit: ALMA (ESO/NAOJ/NRAO); NASA; ESO 
